Original scientific paper The paper deals with the indirect ways of on-line monitoring of technological processes of cutting. The objective of the study is a design of on-line monitoring system for the cutting technology through an abrasive water jet. In cutting by the abrasive water jet two parallel phenomena are formed. The phenomena are represented by generated surface and vibrations. For the purpose of proving of the hypothetical assumptions on dependence of generated surface quality on vibrations the experiments utilizing stainless steel AISI 304 were performed. The experiments were realized at four diverse settings of cutting head traverse speed. The material vibrations were collected by means of two independent accelerometers PCB IMI 607 A11. One of the accelerometers was oriented towards the cutting direction and the other in direction perpendicular to cutting. Sampling frequency was of 30 kHz. The generated topography of the material was measured by an optical profilometer FRT MicroProf. The collected data were evaluated by a virtual tool developed in LabView 8.5 in the form of vibration analyses being consequently mutually compared. Both phenomena proved to be dependent on common technological cause, i.e. on cutting head traverse speed. At the same time the study offers a theoretical design of the on-line monitoring system and of the future heading of the research in this field.
Introduction
The paper was written pursuant to constant increase of quality and production requirements. The increase demands the system design which would produce highquality products cheaply and fast. The fact is that quality is many times linked with the higher price level and thus fully flexible system able to eliminate purposeless production costs [1, 2, 3, 4, 5] . One of the alternatives of generation of such system or at least of getting closer to it is introduction of on-line monitoring into already existing conventional and unconventional technological processes. The abrasive water jet cutting (AWJ) ranks among the unconventional technological processes of material cutting [1, 7, 11, 13, 14] . This technological process is currently being pushed to the foreground since any available material is possible to be cut by the technology [6] . The advantages of AWJ technology rest not only in low impact upon environment, but in non-occurrence of temperature changes in the cutting trace [12, 15] . As any other technological process even the AWJ technology is during cutting accompanied by the attendant phenomena such as vibrations or acoustic emissions. Therefore the aim of the paper is focused on the analysis and comparison of data acquired through the experimental measurements of vibrations and of their utilization in theoretical design of feasible method of on-line monitoring of the given technological process.
State of the art analysis
The problems related to the technology of abrasive water jet cutting represent objects of concern of research and development of many authors. However, the subject of their interest is chiefly typical topography of the generated surface and the effort to control and to predict the surface topography right at the beginning of cutting process.
At the beginning of the introduction of AWJ technology into practice the initial researches of the authors were oriented mainly towards the material removal mechanism. The issue represented a concern to the authors such as Hashish [8] , Chao and Geskin [28] , Arola and Ramulu [6] . Boud et al. [17] concentrated on the study of morphology and mechanical properties of the abrasive (abradant) and on the finished surface in case of titanium alloy cutting. The surface generated during cutting of glass fibre of epoxide composites was examined by the authors Azmir et al. [18] . Momber [11] , Mohan [19] , Kovacevic [20] , as well as Hassan [7] and Arulu [21] focused their attention on the accompanying phenomenon of acoustic emission with the aim of its utilization in cutting depth monitoring in abrasive water jet cutting of material . In 1998 the analytical model of the overall cutting depth was elaborated by the authors [22] . In 2001 Dasgupta et al. [23] , Neelesh and Vijay [24] developed the analytical models of simulation, planning and optimization and on the basis of the particular type of operation, material, and conditions of machining they compiled selections of the appropriate models. Sharma et al. [12] used the Taguchi proposal of experiments to create a cutting model for the specified material group.
In 2007 Valíček et al. [10] oriented towards the formation of optical method of detection and analysis of geometrical parameters of topography of surface generated in the course of abrasive water jet cutting of material. The materials were classified according to cutability T CUT . Furthermore, they designed a system of feedback control with regard to the measured values of acoustic pressure La eq . Arulu et al. [21] and later Folkes [25] used the acoustic emission for the on-line detection of a workpiece state. The acoustic emission and vibrations were examined by Hloch et al. [9] and Valíček et al. [26] . Authors give their attention also to the influence of factors upon unevenness of surface of stainless steel and aluminium [9] .
Acoustic emissions as well as vibrations achieved success in diagnostics, prediction, and control of a number of technological procedures. Out of all present phenomena occurring in material machining chiefly acoustic emissions were applied in research. Already in 1992 author's [20] centre of attention was indirect monitoring of depth of penetration into wooden material in case of which normal forces generated on a workpiece were used as an indicator. Momber et al. [11] utilized acoustic emission for the on-line monitoring of the AWJ process of cutting of material disturbed by breakage. To measure the diffused energy RMS value was used. Authors [1] examined the alternatives of on-line control and prediction of the surface quality through the negative phenomenon -noise. In 2002 Ativitavas [32] devoted his study to linkage of acoustic emissions with the neural network to determine defects in plastic composite structures. In 2004 Asraf's study [26] offered a designed model of the continual cutting depth monitoring through acoustic emission in the AWJ process and at the same time he discovered that the RMS value increased linearly along with the growing cutting depth. Another author dealing with acoustic emission was Arulu et al. [21] who paid attention to the process of composite drilling.
Just a minor group of authors was concerned with material vibrations and information included in the process of abrasive water jet cutting. By the analysis of vibration spectrum in the process of abrasive water jet cutting Hloch et al. designated frequency components carrying significant information on instant condition of the cutting process. The vibrations occurring in such cutting got into the centre of attention of Hreha et al. [15, 28, 29, 30] . Hreha studied surface roughness parameters Ra, Rq and Rz and consequently, through vibrations authors studied the processes occurring during penetration of water jet through material. A team of authors pointed out the possibilities of utilization of vibrations as of information carriers for the on-line control of abrasive water jet cutting of material and at the same time the alternatives of the cutting technology utilization were presented.
Objectives of the paper
The objective of the paper is a design of indirect method of on-line monitoring of technological processes of cutting with the application in technology of material cutting by abrasive water jet through the accompanying phenomenon -vibrations. To meet the objective of the study it is inevitable to perform experimental measurements and to process the data of the experiments. Consequently, the data are necessary to be reciprocally compared by means of which the dependence between traverse speed of cutting head and generated surface quality will be detected. Last but not least both the possible method of on-line control and regulation of the particular technological process are important to be designed.
Experimental study
During the experiment stainless steel AISI 304 was used as an experimental material. The workpiece in case of which the measurements were performed was a plate with dimensions of 100 × 150 × 12 mm. In the course of the experiment the plate was cut four times in total by the method shown in Fig. 1 . Collection of data inevitable for more profound analysis of vibrations was repeatedly performed several times. Two sensors placed directly on a workpiece (one was fixed axially and the other radially) served as data collectors in the form of accelometers PCB IMI of series type of 607 A11 with an integrated cable. The sensitivity of the sensors was of 100 mV/g and their frequency range was of up to 10 kHz. These sensors were connected to the measurement system of NI PXI. The system consisted of the measuring card PXI 4472B and was typical for the 8-channel simultaneous collection and 24 bit analogue and digital converter.
The sampling frequency of the system was of 102 kHz with the dynamic range of 110 dB. The frequency analyser SKF Microlog Gx-S was used for the performance of verification and calibration measurements in case of which the analysis of the measured data was realized through the program equipment of SFK Aptitude Analyst. Measurement of the profile parameters of surfaces generated by the particular technology was carried out by means of optical contactless method through the optical profilometer Microprof FRT by the producer Fries Research & Technology GmbH that allowed 3D evaluation of the surface.
The experiment was performed under environmental and technological conditions presented in the Tabs. 1 and 2. Geographical position -49°00'00'' 21°14'00'' In the frame of the experiment it was inevitable to monitor and to record the change of formed vibrations at the point of sensor fixation in dependence on cutting conditions by the system of NI PXI. Fig. 2 shows the model of experimental set up of the process. Four measurements were performed with diverse setting of traverse speed of cutting head (v = 50 mm/min, v = 75 mm/min, v = 100 mm/min, v = 150 mm/min).
Results and discussion 4.1 Surface topography analysis
As per graphic dependences it is clear that with the growing depth the overall numerical development of the individual roughness profile parameter of the generated surface changes as well. The phenomenon is caused by the fact that with the growing depth the jet acting upon the material gradually loses its energy and thus its higher curvature in larger depths occurs and at the same time surface quality in the particular depth lines declines.
Roughness parameters Ra, Rq, Rz were measured in 21 depth lines of the 20 mm long segment marked by green boundaries. The red boundary represents the end of the sample cutting (Fig. 3A ÷ Fig. 3D) . If the dependence of the surface profile parameters Ra, Rq and Rz on cutting depth at speed of v = 50 mm/min is compared with dependence of the surface roughness parameters Ra, Rq and Rz on cutting depth at speed of v = 150 mm/min (Fig. 3E, Fig. 3F ) from the perspective of the influence of speed upon the development of the values of these parameters, it might be stated that apart from the cut depth the development of the values of roughness parameters is significantly affected by speed at which the cutting head moves in the course of cutting. At speed of v = 50 mm/min it could be observed that the development of the aforementioned parameters is more linear contrary to the case in which the speed was set to the value of v = 150 mm/min. The phenomenon is possible to be explained from the point of view of interaction between a high-speed permeate and a workpiece. At traverse speed of cutting head of v = 50 mm/min the abrasive water jet disposed of sufficient amount of time to make the abrasive particles capable of even and intensive erosion of the material surface along the entire depth of cutting sample which is not applicable at traverse speed of v = 150 mm/min. The combination of higher traverse speeds of cutting head with larger depth of the cut causes disability of the jet to erode the material surface of cutting sample to satisfactory extent and that is in consequence demonstrated by the formation of striated zone the roughness of which is not sufficient from the perspective of input requirements for surface quality.
Analysis of detected vibrations
The elaborated developments of vibration signals are divided into two groups (Fig. 3) . The first group includes the data measured by sensor S1 (Fig. 3A, Fig. 3C ) which was fixed on the cutting material in axial direction and the second group contains the data measured by sensor S2 (Fig. 3B, Fig. 3D ) fixed on the material in radial direction. Through the comparison of these time developments at speeds of v = 50 mm/min and v = 150 mm/min it is possible to state that at lower traverse speed of the cutting head the development of amplitude of vibration oscillations is more stable contrary to higher speeds and this fact opens the door for further research for the purpose of detection of utilizable vibration spectrum (inevitable is to determine the utilizable vibration spectrum both at lower and higher traverse speeds of cutting head) for the application of on-line monitoring of the particular technological process. Out of these developments the changes of amplitude of vibration signal oscillations is obvious not only in dependence on the means of the sensor fixation but also in dependence on the traverse speed of cutting head. 
Utilization of acquired knowledge for the solution proposal
The series of performed experiments was carried out with the aim to show the link between surface topography and vibrations. In dependence on acquired knowledge of the technology in question and pursuant to realized analyses the real existence of the link between vibrations and surface topography might be referred to. Such indirect link is influenced by variant setting of traverse speed of cutting head as with the change of the speed setting the changes of intensity of amplitude of oscillations during vibrations occur as well as changes of surface topography quality. At low speeds the amplitude of oscillations is lower contrary to higher speeds. At the same time the assumption was proved that at lower speeds the surface topography is of higher quality than at higher speeds since at higher speeds the abrasive water jet did not possess sufficient amount of time to be able to erode the material surface equally along the entire depth of the material.
The paper along with other existing studies and future research direction might provide certain basis for formation of both theoretical and practical method of online monitoring of the AWJ technology. Such method of on-line monitoring is possible to be demonstrated from the theoretical point of view, Fig. 4 . In case of proposal of on-line monitoring of AWJ technology it is inevitable to be particular about selection of adequate feedback. The established feedback regulation is required to take into consideration the time delay resulting from the need of processing and evaluation of the measured data. The proposal of correct feedback is significant due to prevention of repeated regulation of traverse speed of cutting head at points in case of which it is not desired.
Conclusion and the future direction of the research
Currently, the control of cutting process by AWJ technology is performed in so called off-line mode. In case of the off-line mode those are beforehand specified requirements for cutting quality of surface and the cutting quality is possible to be verified after material cutting. Although in the cutting by means of such technology the method of prediction of surface quality exists, it is still necessary to point out that only under certain conditions and due to diverse accompanying features of the technology and its complicated specification. At the same time through on-line control and regulation the working productivity will increase and potential defect occurring in the course of the system operation will be possible to be determined and thus the reject formation will be prevented (saving of costs related to rejects).
On-line monitoring is possible to be performed with the particular technology only indirectly by accompanying phenomena such as vibrations or acoustic emissions. The endeavour of the study was pursuant to performed experiments focused on vibration measurement to detect dependence between traverse speed of cutting head (the cause) and formation of vibrations and to find out the extent of influence of the aforementioned traverse speed upon final surface roughness of cutting material.
According to the acquired knowledge the existence of real option of vibration utilization in introduction of online monitoring of the AWJ technological process can be confirmed. However, it is necessary to mention that in general the introduction and utilizable proposal of functional method of on-line control in practice require performance of a number of experiments focused on evaluation of vibrations with diverse variants of setting of input process factors because the formation of vibrations and final surface roughness are except for the examined cause of traverse speed v [mm/min] influenced also by other factors, for instance, permeate pressure or abrasive type. Such experiments are also inevitable to be performed in case of materials other than that used in our experiment (stainless steel AISI 304) as formation and spread of vibrations along with the surface roughness depend even on material properties of the individual materials. At the same time it would be convenient to carry out the experiments in ideally isolated environment (under laboratory conditions) as well as in common environment (for instance, production hall in the proximity of main road) with the aim to reveal "strange vibrations -vibration zone" (main road vibrations, machine vibrations, etc.) that could negatively affect the development of on-line control and process regulation. With the idea of proposal of online control system a number of other open questions occur concerning, for instance, the appropriate proposal of feedback system since in on-line monitoring it is necessary to take into account even certain time delay of measured data processing and consequent repeated regulation of process quantities in occurrence of failure in the process.
Out of the aforementioned it is clear that the introduction of on-line monitoring into technological processes is not by far as simple as it might seem. In analysis of the measured data other outputs were gained as well which, however, were not possible to be presented in the paper due to the required amount of text. These outputs along with the need of other experiments with the aim to design and apply on-line monitoring of technological processes into practice represent a challenge for further direction of the authors of the paper. The processed data will be monitored and evaluated further on. The direction of the future research and its results will be presented in another study by these authors.
